Abstract-We investigated a dielectric resonator ceramic microstrip patch antenna. The antenna was formed using barium strontium titanate (BST), which had a dielectric constant of 15. A new approach, i.e., the use of a high temperature dielectric probe kit, was used to determine the dielectric constant of BST. A computer simulation technology (CST) microwave studio was used to simulate the BST array antennas, taking into consideration the dielectric constant. We also measured the gain of the antennas loaded with two-, four-, and six-element arrays of the BST antenna and found that the gain of a six-element BST array antenna was enhanced by a gain of about 1.6 dB over the four-element BST array antenna at 2.3 GHz. The impedance bandwidths of these BST array antennas for voltage standing wave ratio (VSWR) < 2 were in the application ranges,
Abstract-We investigated a dielectric resonator ceramic microstrip patch antenna. The antenna was formed using barium strontium titanate (BST), which had a dielectric constant of 15. A new approach, i.e., the use of a high temperature dielectric probe kit, was used to determine the dielectric constant of BST. A computer simulation technology (CST) microwave studio was used to simulate the BST array antennas, taking into consideration the dielectric constant. We also measured the gain of the antennas loaded with two-, four-, and six-element arrays of the BST antenna and found that the gain of a six-element BST array antenna was enhanced by a gain of about 1.6 dB over the four-element BST array antenna at 2.3 GHz. The impedance bandwidths of these BST array antennas for voltage standing wave ratio (VSWR) < 2 were in the application ranges, i.e., 2.30 to 2.50 GHz, established for Worldwide Interoperability for Microwave Access (WiMAX) and Wireless Local Area Network (WLAN). Compared with the conventional array antenna with the same aperture size, the performance of the antenna obviously was improved, and the design is suitable for array applications, including base stations, for example.
INTRODUCTION
In recent years, dielectric resonator antennas (DRAs) have become attractive due to their particular advantages for some applications, including zero conductor loss and low profile. It has been shown experimentally that this kind of element can be an efficient radiator [1] . Experimental and theoretical evaluations of DRAs have been reported by many investigators [1] [2] [3] [4] [5] [6] [7] [8] , although the results presented by these investigators are, for the most part, applicable at high resonant frequencies (7 to 12 GHz).
DRAs have a limited bandwidth of operation due to their resonant nature, but this can be improved by reducing the inherent Q-factor of the resonant antenna. One simple approach for reducing the Qfactor is to decrease the dielectric constant [8] . Although this is a simple solution, there are drawbacks. In particular, the size of the antenna will be increased, and this may not be desirable for many applications. Some other reported bandwidth enhancement techniques have included stacked twin dielectric resonators [3] and the use of multilayer dielectric materials [8] .
Ceramic materials can now be broadly considered to be all inorganic, non-metallic materials. However, it is more useful to classify them as polycrystalline, non-metallic materials [9] [10] [11] [12] [13] . The inherent physical properties of ceramics have made them desirable for use in a wide range of industries, and they were first applied in the electronics sector.
The study of the rectangular dielectric resonator array antenna was designed for a target resonant frequency range of 2.30 to 2.50 GHz. In the search for new types of dielectric materials that achieve high permittivity and low loss, extensive efforts have been expended to develop, characterize, and implement barium strontium titanate (BST), a new type of dielectric ceramic material with various beneficial characteristics, into a working electrical microwave model with the help of microwave simulation software [9] [10] [11] [12] [13] [14] . Barium strontium titanate ((Ba x Sr 1−x )TiO 3 /(Ba 1−x Sr x )TiO 3 , 0 < x < 1) or BST has become the leading materials system for these devices due to its high dielectric response.
Al-Zoubi et al. [1] focused more on describing the field distribution in the dielectric resonator antenna (DRA) with the image line at the narrow slot coupled to the DRA side. The availabilities of exciting modes and electric and magnetic fields were analyzed, and it was verified that Q-factor, resonant frequency, and radiation efficiency of the DRA were in good agreement with the results available in the literature. Hence, this analysis triggered our interest in studying the field of BST dielectric resonator ceramics, and we also used the new, well-known "Marcatili method" as a technique for determining effective dielectric constant and excitation mode matching. This method described a slightly more refined approximation that is restricted to rectangular cross-section waveguides. In other research on DRAs conducted by Ain et al., a cylindrical dielectric resonator antenna (DRA) using barium titanate (BaTiO 3 ) with a high dielectric constant (ε r = 1000) was investigated [2] . The authors conducted their experimental study on different heights of a cylindrical Dielectric Resonator, DR and concluded that different thicknesses of DR gave different resonant frequencies. In addition to thickness, we also considered the dimensions and the number of arrays of BST dielectric resonator ceramic, both of which will affect the performance of the antenna. Thus, in our research, we used dielectric resonator ceramics that had high dielectric constants in the fabrication of miniaturized dielectric resonator antennas, thereby affecting the antennas' radiation characteristics, such as efficiency, radiation patterns, and bandwidth. Thus, our research provided important parameters, such as return loss, antenna gain and directivity, antenna radiation patterns, and antenna power measurements which provide the desired information concerning the performance of the barium strontium titanate (BST) array antenna in both computer simulation and hardware measurement.
Various DRA shapes have been used in the past, but the rectangular shape was chosen since it exhibited the greatest design flexibility, offering a second degree of freedom. A cylindrical DRA only has one degree of freedom, and a hemispherical DRA offers zero degree of freedom. The design can be either a tall and slender or a thin with a wide aspect ratio, depending on the particular need. In addition, rectangular DRAs also have some advantages over other DRA shapes in that it is easy to shape manually into the desired size. Sand paper can be used for polishing the eight flat surfaces, the mode degeneracy problem can be avoided by choosing the proper dimensions, and the bandwidth can be optimized [15] .
A new composition of high permittivity dielectric resonator ceramic material is proposed, i.e., ε = 15, and its effects at microwave frequencies with increasing number of barium strontium titanate array elements was determined. The design goal was to achieve antenna return loss of less than −10 dB to accommodate an efficient antenna feed. As will be shown, the final design obtained an impedance bandwidth between 2.30 and 2.50 GHz with high gain and good efficiency. In this study, dielectric resonator ceramic array antennas were designed with a rectangular cross-sectional area, and referred to as rectangular DRAs.
The size of the DRA is proportional to
where λ is the free space wavelength at the resonant frequency, and ε is the dielectric constant of the material. The wavelength λ of a sinusoidal waveform travelling at constant speed v is given by: λ = v/f , where v is the phase speed (magnitude of the phase velocity) of the wave, and f is the frequency of the wave. In the case of electromagnetic radiation, such as light in free space, the phase speed is the speed of light, about 3 × 10 8 ms −1 .
BST FABRICATION
(Ba 1−x Sr x )TiO 3 solid solution (BST), with different molar compositions (x = 0.5) was prepared from raw materials by conventional solidstate reaction, and its structural parameters, crystallite sizes, and bulk densities were determined.
Preparation of Bulk BST
The BST was initially prepared from commercial BST powder (Pfaltz & Bauer, 99%) with fine particle sizes below 100 nm. The BST powder was compacted uniaxially at a pressure of 75 MPa into a rectangular shape with dimensions of 25 mm × 5 mm. The green bodies were sintered at 1300 • C for three hours in an electric furnace (Carbolite, CWF 1400) for the purpose of densification. Sintering of this material at the indicated temperature had been reported elsewhere [15] . The sintered bodies were polished gently with SiC paper to obtain the following dimensions: 8 mm × 3 mm, 4.5 mm × 3 mm, and 2 mm × 2.5 mm. The raw BST was ground to obtain pellets of the desired size.
Bulk BST Characterization
The grain morphology of the powder and the microstructures of sintered BST were observed using a field emission scanning electron microscopy (FE-SEM). The phase formation was analyzed using X-ray diffraction (XRD) for different 2θ angles from 10 • to 90 • (Bruker). The Rietveld refinement was performed with the Rietveld program package, X'pert HighScore Pluss. The structural parameters, such as lattice constant, volume, density, crystallite size, and strain, were determined using the Rietveld refinement. The relative density was measured according to the Archimedes concept. Both surfaces of the BST were coated with silver conductive paint to enhance the ohmic contact. The dielectric properties of the ceramic were measured at room temperature for low frequencies from 100 to 1,000,000 Hz using a LCR meter (Inductance (L), Capacitance (C), Resistance (R)) (Agilent 4285), however, the microwave investigations using Agilent 85070B High Temperature Dielectric Probe at room temperature indicated that the dielectric constant was about 15 and that losses smaller than 1% occurred in the frequency range from 2 to 3 GHz. Thus, the results indicated that some BST dielectric ceramics have a paraelectric phase that is suitable for microwave devices and applications. Figure 1 shows the micrographs of BST commercial powder taken by Field Emission SEM at different magnifications. According to the micrographs, the observed particles are mainly smooth and spherical with diameters ranging from 25 nm to 265 nm. The average particle size was 88.6 nm. The small and large particles can be observed clearly in the micrographs. It was reported that small particles were formed from one droplet, while the larger Figure 2 . Field Emission SEM of BST after sintering at 1300 • C for three hours.
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particles were formed from two or more droplets via the fusion effect [17] . Similar observations were made in examining commercial BST powder. Additionally, the observed powder also exhibited less agglomeration as compared to sol-gel derived powders of BST which is very significant for densification process. Evidently, the densification has a strong dependency on homogeneous microstructures with a narrow distribution of grain sizes [18] . Figure 2 is the microstructure of the BST ceramic derived from sintering at 1300 • C with three hours of soaking time. Typically, the final grain size of the ceramic depends significantly on the sizes of the initial particles. As measured, the average grain size obtained was 0.86 µm. The observed microstructure was relatively uniform with a minimal quantity of small pores at the grain boundary. The number of pores was reduced due to the densification process with a relative density of about 98%. The microstructures that have uniform grain size and high relative density are expected to have a higher dielectric constant, which has been tested for utilization in microwave applications. This also was reported in several publications [19] .
Energy Dispersive X-ray (EDX) Analysis
In order to investigate the composition of the sintered BST, EDX analysis was used. Figure 3 shows the EDX spectra of BST ceramic sintered at 1300 • C for three hours. As can be seen, the characteristic X-ray radiation of each element has different energy values with various atomic compositions. The presence of Ba, Sr and Ti was detected in the spectra. The results confirm that pure BST is a dominant phase even after sintering at 1300 • C. 
XRD and Rietveld Refinement Study
The X-ray diffraction (XRD) pattern of the sintered BST is shown in Figure 4 . All the reflection peaks of the observed ceramic were identified and indexed using the XRD data compiled in the standard Power Diffraction File (PDF) data (01-089-8211). As shown in this figure, the observed ceramic consisted of a single phase of layered perovskite BST with a free secondary phase. This result suggested that the pure phase was stable at higher sintering temperatures. Additionally, the pattern fit well with cubic phase BST.
Another observation was that the cubic phase no longer existed at the (200) peak in the XRD pattern after the peak split. It was reported that the peak splits at (002) and (200) indicated the presence of the tetragonal phase, whereas the patterns are characteristic of a cubic phase when (002) was diminished [20] .
The Rietveld refinement was analyzed further to determine the structural parameters of the cubic phase. The Rietveld plot for the refinement of sintered BST with standard data is shown in Figure 5 . The lattice constant for sintered BST is a = b = c = 3.9580(3)Å with α = 90 • . The volume, density, crystallite size, and strain of BST were 62.0032Å 3 , 5.255 g·cm −3 , 59.4 nm and 0.025%, respectively. Additionally, the refinement parameters such as converged weighted and profile R-factors, R wp and R p , for the cubic BST, were 11.30% and 9.51%, respectively. As compared with standard data, the BST exhibited a slight distortion in cubic structure, which might be due to the sintering effect. 
Dielectric Properties
Dielectric constant is the ratio of the electrical conductivity of a dielectric material to the electrical conductivity of free space. Given its definition, the dielectric constant of a vacuum is 1. Any material is able to polarize more than a vacuum, so the k of a material is always > 1. In our research, we investigated the new aspect of the development and utilization of the Agilent 85070B High Temperature Dielectric Probe Kit in measuring the dielectric constant of the dielectric resonator ceramic material, whereas most researchers have utilized an LCR meter or an Impedance Analyzer. With the use of a dielectric probe, measurements can be conducted up to 50 GHz, while the LCR and Impedance Analyzer techniques only can reach a maximum frequency of about 1 MHz. Thus, the Agilent 85070B High Temperature Dielectric Probe Kit was used to measure the intrinsic electrical properties of BST in the frequency bands of 1 to 10 GHz. To measure the dielectric constant of BST, the measurement system included an Agilent 85070B High Temperature Dielectric Probe, an Agilent Microwave Network Analyzer, and Agilent 85070 software. This measurement system made dielectric measurements quickly and easily with no special fixtures or containers required. To measure the dielectric constant of BST, a single flat surface of cylindrical BST was pressed by the dielectric probe, as shown in Figure 6 (a). The probe then transmitted a signal into the material under test (MUT), i.e., the BST. The measured reflected response from the BST material was related to its dielectric properties via Agilent 85070 software.
As shown in Figure 6 (b), the experiment was conducted with 10 different points for the dielectric constant measurement to ensure the accuracy of the measurements. Both top and bottom parts of the cylindrical BST were measured at five points, respectively. However, the middle part of the cylindrical BST was not considered in the measurement due to the high possibility of obtaining inaccurate results because of the air gap that occurred between the dielectric probe and the BST material.
The frequency dependence of the dielectric constant, ε, for the sintered BST ceramic is shown in Figure 6 (c). As can be seen, the parameter has a strong dependence on frequency, with the dielectric constant decreasing as frequency increases. The dielectric constant of BST exhibited a slight decrease when the frequency reached 1 GHz, and it decreased continuously as the frequency was increased to 10 GHz, after which the value of the dielectric constant remained constant. This trend was expected to exist even when the applied frequency was increased to 10 THz. Again, as can be observed in Figure 6 (c), the measurements of the dielectric constant of BST at 10 different locations were different for the same frequency ranges. This is due to the presence of different stress concentration of substances at the cylindrical edges or points where the field distribution is higher or lower than the average. The concentration is probably depended on the uniform placement of a microstructure throughout the material. Thus, various BST dielectric constant values likely occurred because the microstructure of the BST powder is not evenly distributed over the entire surface of the cylindrical BST. This resulted from the period and temperature that were selected for sintering the BST powder. In addition, another challenge in BST ceramic is to maintain a repeatability of the dielectric constant. This is because the dielectric constant of ceramic also is dependent to a significant extent on grain size. It was reported that the dielectric constant increased as the initial grain size of the final ceramic increased [20] . In the present study, the variation in the values of the dielectric constant at different spots was attributed to differences in the grain size, as shown in the field emission scanning electron microscopy (FESEM) micrographs in Figures 1 and 2 . Thus, in order to overcome the different values of dielectric constants, the practical measurement at different spots of the BST is necessary. The average value for the dielectric constant of the BST dielectric resonators is shown in Figure 6 (c). Table 1 shows that, for the frequency range of 2.3 to 2.5 GHz, the dielectric constant was in the range of 14.814 to 14.915. The obtained values are high, especially at higher frequencies, but they are necessary values for this particular dielectric resonator ceramic. As discussed, microstructures that have uniform grain size and good relative density are essential for dielectric materials that are to be applied in microwave antennas. This was proven by the analysis presented in Figure 2 .
ANTENNA DESIGN
A dielectric ceramic that is not enclosed entirely by a conductive boundary can radiate as an antenna [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] . This was the first part of this investigation, which was conducted to determine the effectiveness of ceramic dielectric as a radiating element. The choice of the dielectric ceramic material plays a significant part in the design of the DRA. Due to various research findings, a dielectric ceramic was chosen for use in the design of the DRA [25] .
In the proposed design, two, four and six rectangular DRAs, each with the same height h, width w, and thickness t, respectively were arranged in a planar configuration over a copper ground plane (GP) and were packed together symmetrically in the most compact fashion possible, as shown in Figure 7 to Figure 10 . The array was excited centrally by a metallic line feed of length L above the GP. The central metallic line feed was surrounded by dielectric ceramic in rectangular form so that its boundary just touched all of the DRA elements and helped in exciting them.
The dielectric resonator ceramic used high dielectric constant barium strontium titanate, which has a dielectric constant of 15. The metallic feeding line was copper, a conductor, in order to function as a feeding channel. The width, W , of the feed line was calculated to be 4.6 mm. This width of the transmission line provided an input impedance of 50 ohms [23] . In addition, the dimensions of the dielectric resonator ceramic will affect the resonant frequency and the Q-value significantly. The barium strontium titanate (BST) array antennas were designed using RO 5880 dielectric-constant substrate material from Rogers Corporation (www.rogerscorp.com) with a dielectric constant of only 2.2.
Two Elements of BST
The antenna size for the quantity of two elements of BST was 27 mm × 34 mm in length and width respectively. The dimensions of each of the BST elements were 8 mm × 3 mm, as shown in Figure 8 .
Four Elements of BST
In Figure 9 , four elements of BST were attached to on RO 5880 board with each of the BST sizes being 4.5 mm × 3 mm. The length was reduced from the two elements of the BST antenna, while the antenna size was 27 mm×32 mm, which was 2 mm smaller than the two elements of the BST antenna.
Six Elements of BST
The size of a six element BST antenna can be observed to be smaller than either the two-element or the four-element BST antennas which were 25.5 mm × 29 mm in length and width, respectively, and the size of each of the BST elements was 2 mm × 2.5 mm. These can be seen in Figure 10 . This antenna was fabricated for real-world use, as shown in Figures 10(b) and 10(c) . The size of the antenna with BST elements loaded on the antenna was miniaturized, as shown in Figure 10(c) , where it is compared with the size of the 20-cent Malaysian currency, which has a diameter of 23.59 mm. The comparison results of both simulated design and measured hardware were completed in order to view the potential radiation performance of this design.
Based on Figures 8, 9 , and 10, it was shown that BST dielectric resonators loaded on a microstrip patch were proven to provide a miniature antenna. The results obtained in [38] seemed to indicate lower performance in terms of return loss, gain, and other antenna parameters that are not suitable for use in modern Figure 10 .
Six BST elements array antenna (a) simulated (b) fabricated (c) miniaturized. wireless communication systems. Thus, BST array antennas met the expectations required by antenna specifications, and they also cost less to produce.
TECHNICAL DESIGN PRINCIPLES
The dielectric resonator ceramics were placed on top of the ground side of a microstrip line with line feed method attached. Due to dielectric resonator ceramics mounted on the ground plane, typically, the TEmode is excited. Perfect magnetic walls are assumed to lie in the x-z plane, as shown in Figure 7 . Thus, it can support TE 111 , which is the lowest mode that works well at center frequency of 2.4 GHz, and produce better performance.
For a rectangular dielectric resonator ceramic as was used in this study, TE δ0n and TE δm0 modes cannot exist, i.e., m and n must be at least 1, because Equations (2) and (3) require that, all the derived fields must be zero if either m or n is zero, in which case A z also equal to zero [31] [32] [33] [34] [35] . Hence, the lowest order mode for the TE case is the TE 111 mode. The field distribution of a rectangular dielectric resonator was investigated in our research. Figure 11 shows a dielectric resonator block and the field pattern for the commonly used TE 111 mode.
The plot in Figure 11 (b) clearly depicts the end-effect at the top and bottom of the resonator. The electric field is strong at the top and bottom surfaces of the DR. This field propagation behavior indicates that, in order to couple effectively to this mode, a port can be placed in parallel to the strongest field, i.e., along the vertical axis of the resonator. This technique has been utilized in the design of the BST array antenna. Figure 12 shows the behavioral characteristics of the electromagnetic waves in the BST array antenna. Figure 12 shows, the BST array antennas are able to transmit or receive radio waves in all directions equally, i.e., they are omni-directional. Added, the fields inside the array antenna may be used to relate size with operational frequency. By taking the origin at the center of the antenna, perfect magnetic walls are assumed to lie in the x-z plane at y = −b/2 and at y = b/2. Also perfect magnetic walls are assumed to lie in the y-z plane at x = −a/2 and x = a/2. Continuity of the tangential fields is enforced at z = h and, by image theory, at z = −h.
Perfect magnetic walls are assumed along the four surfaces that are parallel to the direction of propagation in the dielectric guide, while the tangential components of the electric and magnetic fields are assumed to be continuous across the two surfaces, perpendicular to the direction of propagation. Thus, it can support TE δmn , where the value δ can be defined as the fraction of a half cycle of the field variation in the z direction; the value δ is given by Equation (2) in which k x is the atmospheric wave number, and d is the length of the rectangular dielectric resonator. The exciting mode, TE δmn , in the rectangular dielectric resonator ceramic can be found by using in following Equations (2) and (3) below, which define the fraction of a half cycle of the field variation in the z direction:
where k x is the atmospheric wave number, and d is the length of the rectangular dielectric resonator's magnetic vector potential. According to Marcatili's approximation [35] [36] [37] , the characteristic equations for the wave numbers, k x and k y at TE δmn modes are:
where,
where
where k x0 and k y0 represent decay constants of the field along the x-and y-directions outside the dielectric resonator ceramic. Once the values of k x and k y have been computed for a mode at a given frequency, using Equations (4)- (7), the propagation constant k z can be computed by using the following separation Equation (8):
where k 0 is the free space wave number. Further, from the symmetry of the structure, it is clear that the characteristic equation for the wave numbers k z should be identical to that for the wave number k x . More specifically, the characteristic equation for k z is given by Equations (9) and (10):
With the characteristic equation of k x and k y , it is assumed that the dielectric constant of the dielectric resonator ceramic is ε eff where ε eff is given by Equation (11) 
The dielectric resonator has a high quality factor (Q-factor) which describes the low rate of energy loss relative to the stored energy.
Equations (12) and (13) show the determination of quality factor.
where f o is the resonant frequency, ε the stored energy in the cavity, and P the dissipated power. High quality factor implies that there is no inherent conductor loss in dielectric resonators. This leads to high radiation efficiency of the antenna. Higher Q indicates a lower rate of energy loss relative to the stored energy. One important property of a dielectric material is its permittivity. Permittivity (ε) is a measure of the ability of a material to be polarized by an electric field. Based on the parallel plate capacitor theory, the capacitance of flat, parallel metallic plates of area A and separation d is given by the expression below:
where ε o is the permittivity of space, and k is the relative permittivity of the dielectric material between the plates. The value k = 1 indicates that it is for the free space constant value, and when k > 1, it is for all the media involved in the measurement. The surface current distributions of the BST array antenna at resonant frequencies are shown in Figure 13 . The BST dielectric resonators loaded on the microstrip patch have resulted in resonance frequencies of 2.3 GHz, 2.4 GHz and 2.5 GHz. On the contrary, Figure 14 shows an antenna without BST dielectric resonators, which results in large current distributions occurring on the surface at a frequency of 2.85 GHz. This frequency is out of the range of the WiMAX and WLAN bands. In order to achieve the desired frequency resonances, we analyzed the WiMAX and WLAN bands antenna from the perspective of the current flow.
The resonance length of the antenna must satisfy the following criteria: λ/4 length of the frequency. Therefore, we inserted BST dielectric resonators on the metallic line feed, which is the area with large current distribution, to satisfy the resonance length and achieve the desired resonance frequencies. Thus, the current flow at the metallic line feed indicates that the BST dielectric resonators can radiate at WiMAX and WLAN bands.
The BST dielectric resonators experience zero electrical conduction, i.e., no current is distributed on it as can be seen in Figure 13 . This results in the reduction of losses for the BST array antenna, and therefore, less power consumption is needed. 
PRACTICAL ANTENNA MEASUREMENT
Power measurement applications were conducted to sense multiple power points for a long distance, mechanically moving the sensor further at every step. With the equipment, we managed the power measurement processes, analyzed, computed, and displayed the data. The transmitting antenna was placed on the antenna range to illuminate the antenna under test, as shown in Figure 15 . Ideally, the transmitting antenna must have a beam width just wide enough to cover the test range. Energy transmitted outside this range, will only result in more problems due to multi-path reflections. The preferred method for measuring power is the use of a Spectrum Analyser. This device gives a graphical and precise view of the power received within Figure 14 . Surface current on the antenna without BST dielectric resonators at f = 2.85 GHz. a given frequency range. Therefore, we had to resort to a broadband power sensor, utilizing a diode as a detector. The distance S min between the transmit antenna and the Antenna Under Test (AUT) is large enough to be in the far field (Rayleigh Distance). If the sensitivity of the field strength (FS) permits, the distance can be increased to improve the accuracy of the measurement. The transmitting (Tx) antenna will produce a FS at the AUT, that varies with the height of the Tx antenna and AUT. The Tx antenna is placed at a height of H 1 , which produces a maximum field strength at the AUT at height H 2 . For this, the Tx antenna was placed in the position closest to the ground and raised until the first maximum FS appeared at the AUT. The positions of the Tx antenna and the AUT were chosen in a manner to minimize the influence of ground and obstacle reflections on the measurements. The antenna range setup was similar to the power measurement setup, as in Figure 15 , while the equipment used for the measurement was the Agilent Power Sensor and Power Analysis software, as shown in Figure 16 .
Power sensor measurement was tested in a microwave laboratory and anechoic chamber, and the results for the six-element BST array antenna at a distance of 2 and 16 m away from the transmitting antenna are shown in Figures 17(a) and (b) respectively. The noise floor (NF) of the microwave laboratory and anechoic chamber, which was tested, was −52.9 dBm and −45.7 dBm, respectively in the power analysis software. The measurement setup is shown in Figures 15(b) and (c) . The radiating power for a BST array antenna seems to have the ability to overcome the NF, as can be seen in Figure 17 .
At the distance of 7 m to the maximum measured length of 16 m, the BST array antenna was observed to provide stable, highpower radiation that averaged −41 dBm compared to the NF, which indicated that it has the potential for utilization in longer ranges and likely in aerospace applications. However, Figure 17 (b) implies that signal distortion occurred while the measurements were being taken, especially at the distance of 3 to 6 m from transmitting antenna. Power sensing at these ranges was unstable due to diffraction and reflection of the signal by the nearby furniture. Although radiating power problems occurred, the performance of the BST array antenna was not affect adversely, so the problems that were encountered can be overcome by operating the measurement setup in an outdoor free-space environment.
RESONANT FREQUENCY
The proposed antenna was characterized with the help of the simulated and measured results. The resonant frequency of the rectangular TE mode dielectric resonator ceramic array antenna was calculated with by Equation (15), which was described in [5] . This gave a frequency range of 2.25-2.57 GHz with ε r = 15. 
The return losses of all array antennas were extracted from the CST simulation in order to ascertain the resonant frequency of each antenna. The return loss for the TE-mode rectangular dielectric resonator ceramic antenna is shown in Figure 18 for the whole structure. The error between calculated resonant frequency and Figure 18 . Return loss of both measured and simulated BST array antennas. minimum return loss frequency from the simulation for the rectangular TE mode dielectric resonator ceramic was found to be 15 MHz or 4.0%. The −10 dB return loss bandwidths were 420 MHz for the simulated and 320 MHz for the measured BST array antenna. Figure 18 shows the comparison between simulated and measured return loss after conversion into log magnitude in dB. The result shows the resonant frequency in the range of 2.30 to 2.50 GHz. It can be seen clearly that the return loss of the three different numbers of elements of TE-mode, rectangular BST fell between −10 dB and −19 dB, which indicates that more than 90% of the signal was radiated through these antennas.
The measured return loss is greater than the simulated responses. The loss was attributed to fabrication tolerance, material loss, and Sub-Miniature version A (SMA) connectors, but it was due mainly to the loss of the epoxy that was manually applied to the substrate to adhere the dielectric resonator ceramic with the substrate. With a more advanced way of adhesive method, the loss should be reduced. However this loss is still tolerable, since the measured return loss was less than −10 dB for the frequency range of 2.30 to 2.50 GHz. Simulated and measured bandwidths in the BST array antennas design were 43% and 57% wider, respectively, than those reported in [37] . Due to the wide bandwidth characteristics of the BST array antennas, insignificant percentage of signal interferences will be experienced. In addition, the wide bandwidth of the BST array antennas is able to function effectively, with only minimal interference experienced, if a nearby narrow band signal is present [9, 28, 44, 50] .
RADIATION PATTERN
The radiation pattern measurement was performed in an anechoic chamber, as shown in Figure 19 . An anechoic chamber was used to minimize the reflections during the measurement, in order to obtain optimum and realistic results.
The field strength was measured at a fixed distance while the antenna under test was rotated through 360 degrees in theta and phi axes, to produce E-field and H-field radiation pattern measurements. The antenna under test (AUT) is connected to the transmitting antenna stand in this measurement setup, and the receiving antenna used is a dual polarized horn antenna. The horn antenna is fed with an input power of 1 mW from the first port of the PNA, while an AUT transmitted power is analyzed through the second port of the PNA. To record the measurement data and radiation patterns, Passive Measurement software, integrated with the anechoic chamber, was used. Measurement data were collected at specific points in order to determine the radiation pattern. The software calculated the antenna gain, directivity and efficiency and it provided 2D and 3D measurement results. Test results of the relative field strength for each angle and the displayed radiation pattern were compiled into a plot [35] . Table 2 of 50 Ω. This shows that increasing the number of BST elements allows the realization of larger gain and directivity, while maintaining antenna miniaturization. The low conduction loss experienced by the BST dielectric resonator results in improved radiation efficiency for the antenna. Table 2 shows that the largest gain of 6.123 dB and the largest directivity of 7.082 dBi occur with the six-element BST antenna. This shows about 35% increase in both gain and directivity as the numbers of elements are increased from 2 to 6. As the numbers of elements are increased from 2 to 4 and 4 to 6, the gain and directivity are increased to about 11% and 22% respectively. Hence, the proposed antenna will be useful for high gain and high directivity systems that can transmit and receive maximum signals. Transmission power also was observed by the Passive software and is shown in Table 2 . The results show that, compared to conventional Wi-Fi indoor router antennas that operate in the range of 2.4-2.4835 GHz, less power consumption is needed for signal transmission [36] . The attenuation for this BST array antenna was lowered due to the high dielectric constant and low dielectric loss of the dielectric resonator materials.
The results of three different quantities of BST array antennas 3D radiation coefficient for both simulation and measurement are shown in Figure 20 . As observed in Figure 20 (d), there were no top and bottom lobes at the rear end of the radiation pattern, while the main directivity was directed at the vertical plane that formed an omni-directional signal. Both the E-plane and the H-plane play an important role, because these parameters determine the location of the point of the strongest signal, thus avoiding signal redundancy and interference with other antenna radiating in the same plane [37] . Based on the observation of the radiation pattern, it can be said that the antenna is radiating in the vertical axis with a gain of 6.123 dB with six BST elements, as compared to 4.512 dB and 5.010 dB for twoand four-element BST antennas, respectively.
The measured polar form radiation patterns in Figures 21 and 22 show that, compared to the simulation, both the E-field and the H-field patterns incurred shift in angles of about 10 to 25 degrees as well as changes in the shapes. This is due to the diffraction by the edge corner of the rectangular BST and the ground plane [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] . Furthermore, any scattering from the cable and the connector will affect the radiation patterns because they lie directly in line with the pattern cut [47] [48] [49] [50] [51] [52] [53] . BST array antennas radiate equally in all directions, with large gains and directivities.
CONCLUSIONS
In this paper, the application of rectangular barium strontium titanate (BST) as dielectric resonator ceramic antenna in array form that was comprised of two, four and six elements of BST was proposed and successfully accomplished. The TE mode rectangular array antenna exhibited acceptable bandwidths, reflections and radiation characteristics for WLAN and WiMAX applications. By taking into account all the details of each component, including dimensions and dielectric constant values, the antennas performed better with very high gain, which also fulfilled the expectation of this research. The expectation of achieving higher gain with an increasing number of BST in this TE-mode structure antenna was successful and such an antenna can be utilized in real-world applications with the fabricated sixelement BST array antenna. The utilization of TE-mode rectangular dielectric resonator ceramic in the antenna improved the performance of the antenna with better return loss lower than −10 dB throughout the range frequencies from 2.30 to 2.50 GHz. The branching strips with smart materials used to replace the copper plate were verified, confirming that the antenna could radiate appropriately; further, it performed much better than other antennas in terms of gain and efficiency.
At the present time, antenna miniaturization is of great concern due to the physical benefits and the dielectric resonator ceramic antenna design satisfies this need. Even though the proposed design suffers from all same effects as other antennas, i.e., sag in the pattern shape, reduction of hardware measurement bandwidth and return loss, it is sufficiently compact, and it has the proper impedance bandwidth for use in WLAN and WiMAX. Ultimately, BST array antennas were experimentally tested to compose multiple advantages in wireless antenna system, including smaller size, higher radiation coefficient properties, wider bandwidth, and far distant radiation power as compared to available microstrip antennas. The proposed and tested antenna system provided approximately 20 to 50% better performance, as mentioned earlier in the discussions of our test results.
While the use of dielectric resonator ceramics has been proven to be useful in creating antenna systems that offer improved performance, and the future research is needed to move beyond the current status. This could be done by utilizing different types of dielectric resonator ceramics, such as bismuth titanate (BIT), and alumina, in antenna design and considering the addition of dielectric layers, such as superstrate layers. These enhancements could further improve antenna performance in terms of bandwidth particularly and providing optimized radiation patterns for WiMAX and WLAN applications. In addition, different shapes of dielectric resonator ceramics should also be investigated, e.g., circular, hemispherical, diamond, and triangular shapes. Eventually, our goals for BST array antennas are to be able to offer miniaturized antennas that provide high efficiency, large bandwidth, low profile, low production cost, and low conductor loss that are potentially more efficient for modern wireless systems than the conventional microstrip antennas.
